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The plasmon damping has been investigated using resonant microwave absorption of two-
dimensional electrons in disks with different diameters. We have found an unexpected drastic
reduction of the plasmon damping in the regime of strong retardation. This finding implies large
delocalization of retarded plasmon field outside the plane of the two-dimensional electron system.
A universal relation between the damping of plasmon polariton waves and retardation parameter is
reported.
Studies of plasma excitations in 2DESs have attracted
an increasing interest in recent years [1, 2]. This inter-
est has been triggered by a discovery of an absolutely
new part of 2D plasmon spectrum, where coupling with
light is especially strong [3, 4]. This regime, where the
influence of the retardation is important, can be realized
when the plasmon and light wavelengths become compa-
rable. The influence of the electrodynamic effects can be
quantified by the retardation parameter A, defined as the
ratio of the frequency of the quasi-static 2D plasmon ωp
to the frequency of light in the medium ωlight = cq/
√
ε
with the same wave vector q [5]
A =
ωp(q)
ωlight(q)
=
√
nse2
2m∗ε0ε¯
q × 1
ωlight(q)
∼
√
ns
q
, (1)
where ns and m
∗ are the density and effective mass of
the 2D electrons, respectively. Here, effective permittiv-
ity of the surrounding medium ε¯ = (ε+ 1)/2 is the aver-
age dielectric constant of GaAs (ε = 12.8) and free space.
These experiments revealed very interesting and fully un-
expected features of the 2D magnetoplasmon spectra. It
has been shown that in the small wave-vector and high-
density regimes, where the influence of the retardation
effects is prominent, there is a strong reduction of the
resonant plasma frequency with very unusual zigzag be-
havior in B field.
These experiments served as a benchmark for a
plethora of research in the field of 2D plasma electro-
dynamics, such as the strong and ultrastrong coupling
between 2D electrons and photonic cavity mode [6–10],
super-radiant Dicke decay of the 2D electron ensemble
[11–13], and fine structure of the cyclotron resonance [13].
It is widely accepted that retardation is associated with
a dramatic broadening of the plasmon polariton reso-
nance [14–16]. The main reason for that is a significant
increase of radiative decay. This fact has conceptually
hampered the progress of research in the direction of
plasmonic systems placed in the regime of ultra strong
retardation. The regime which is potentially very attrac-
tive for plasmonic applications [17–19].
In this Letter we systematically studied the plasmon
damping in 2DES disks as a function of their diameter.
The measurements reveal that, in contrast to general be-
lief, there is a drastic suppression of plasmon damping
in the regime of strong retardation. Our results allowed
us to draw important conclusions about delocalization
of retarded plasmon field outside the plane of 2DES.
Moreover, we established a universal relation between the
damping of plasmon polariton waves and retardation pa-
rameter. These results pave the way for research in the
field of ultra strong light-matter interaction.
This study was performed using a set of high-quality
GaAs/AlxGa1−xAs (x = 0.3) heterostructures hosting
a 2DES in a (20 − 30) nm quantum well. The elec-
tron density was in the range of 0.8 to 6.0 × 1011 cm−2,
with an electron transport mobility in the range of 0.5
to 12 × 106 cm2/(V· s). Disk-shaped mesas with di-
ameters in the range of 0.05 mm to 12 mm were fab-
ricated from these heterostructures. The plasma wave in
the disk was excited by electromagnetic radiation guided
to the sample either through the waveguide section or
with a coaxial cable. The detailed description of the
experimental scheme is given in the Supplemental Ma-
terial I [22]. In the latter case, the radiation from the
coaxial cable was transferred to the 2DES through a
coplanar waveguide transmission line. In order to de-
tect 2D electron plasma excitations, we employed a non-
invasive optical technique of microwave absorption de-
tection [20, 21]. This technique relies on the high sensi-
tivity of the 2DES luminescence spectra to 2D-electrons
heating caused by the absorption of incident microwave
radiation. In this technique, 2DES luminescence spectra
with and without microwave radiation were collected us-
ing a spectrometer with a liquid-nitrogen cooled charge-
coupled device (CCD) camera. The resulting differential
spectrum reveals microwave-caused 2DES temperature
heating. Therefore, the integral of the absolute value of
the differential spectrum could be used as a measure of
the microwave absorption by the 2DES. In our experi-
ments, we used a 780 nm stabilized semiconductor laser
with a net output power of 4 mW to excite 2D lumi-
nescence, and single-grating spectrometer with a spec-
tral resolution of 0.25 meV to analyze the luminescence
spectra. All of the experiments were performed in the
liquid-helium with a superconducting magnet at a base
temperature of T = 4.2 K. The magnetic field was di-
rected perpendicular to the sample surface and swept in
2Magnetic Field (mT)
d=4.0 mm
d=0.5 mm
CR
d=0.2 mm
0 100 200
B (mT)
95
88
75
68
61 GHz
f
(G
H
z
)
-1
F
re
q
u
e
n
c
y
(G
H
z
)
0 50 100 150 200 250
0
20
40
60
80
100
0 5 10 15
q (mm  )
0
40
80
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
s
)
Light
Plasmon
(a)
(b)
(c)
FIG. 1: (a) Evolution of the microwave absorption resonances
with the excitation frequency for the 2DES disk with a diame-
ter of d = 0.2 mm and electron density of ns = 6×10
11 cm−2,
the frequency is in the range of 60 GHz to 100 GHz. The
curves are offset vertically for clarity. (b) Magnetic-field de-
pendences of the plasmon polariton frequency for the 2DES
disks with different diameters. (c) Dispersion of the hybrid
plasmon polariton excitation. The solid lines represent the
theoretical prediction of 2D plasmon polariton spectrum and
dispersion of the light ωlight = cq.
the range of (0− 0.5) T.
Figure 1(a) shows the experimental magnetic-field de-
pendences of the microwave absorption at different fre-
quencies in a 2DES disk with a diameter of d = 0.2 mm
and electron density of ns = 6 × 1011 cm−2. For con-
venience, the curves are shifted vertically. Each of the
curves shows resonance occurring at different magnetic-
field values. The resonance corresponds to the excitation
of the plasma oscillation in the disk. In order to obtain
the resonance position and half-width, each magneto-
absorption curve was fitted using a theory that considers
both resonant heating and non-resonant Drude absorp-
tion (solid lines in Fig. 1(a)). The detailed fitting pro-
cedure is described in the Supplemental Material II [22].
Figure 1(b) shows the magnetic-field values at which plas-
mon resonances occur as a function of the the microwave
frequency f for the disks with diameters of 0.2, 0.5 and
4.0 mm. The theoretical prediction for the magneto-
dispersion of plasma waves in the 2DES disks is [25, 26]:
ω =
√
ω2p +
(ωc
2
)2
± ωc
2
, (2)
where ωc = eB/m
∗ is the cyclotron frequency. In the
presence of the retardation effects this dependency is
modified [3, 4, 15]. Both zero-field plasmon frequency
and slope of the magnetodispersion dependency decrease.
By fitting the theoretical prediction to the data (solid
curves in Fig. 1(b)), we can obtain the zero-field plas-
mon frequency. For the disk under consideration (d =
0.2 mm), the zero magnetic field plasmon frequency
fp(0) = 78 GHz. We assign to each plasmon mode a
wave vector q = 2.4/d [3]. The experiments of Fig. 1(a)
were performed for a serious of 2DES disks with diam-
eters of d = 0.05, 0.1, 0.2, 0.35, 0.5, 1, 2, 4 and 8 mm.
The resultant long-wavelength part of the plasmon po-
lariton dispersion at B = 0 T is plotted in Fig. 1(c).
The solid curve represents the theoretical 2D plasmon
polariton dispersion [3]. The dispersion of light is also
shown in the same figure. The plasmon polariton disper-
sion strongly deviates from the quasi-static
√
q law, and
asymptotically tends to the light line ω = cq in the limit
of a large retardation.
The red circles in Fig. 2(a) represent the dependence
of the normalized plasmon polariton half-width ∆ωτ on
the retardation parameter A. The retardation param-
eter is calculated using the definition of Eq. (1). The
resonance half-width was determined by two mutually
consistent methods. The first method directly utilizes
frequency scans at B = 0 T (see inset in Fig. 3). The
second method uses magnetic-field scans at a fixed mi-
crowave frequency. The polariton half-width ∆ω is then
obtained from the half-width of the polariton resonance
in B sweeps multiplied by the magneto-dispersion slope
∆ω = (∂ω/∂B)∆B. The ∆B was obtained by fitting
the experimental absorption curves using the theory that
considers both resonant heating and non-resonant Drude
absorption (see Supplemental Material II [22]). We veri-
fied that both methods yield the same value of ∆ω for a
series of studied disks.
Figure 2(a) also shows the normalized plasmon fre-
quency ω/ωp as a function of A (blue squares). It is
remarkable that the plasmon half-width ∆ωτ drastically
decreases with A. Moreover, the ∆ωτ decreases signifi-
cantly faster than the resonance frequency ω/ωp. These
result implies that the retarded plasmon field is con-
centrated in a region λz , significantly larger than the
λ = 2π/q region in which the dissipation occurs [23]. In-
deed, the plasmon polariton damping can be estimated
by the formula (we present a precise theoretical deriva-
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FIG. 2: (a) Normalized plasmon damping ∆ωτ (red circles)
and frequency ωp/ω0 (blue squares) as a function of the re-
tardation parameter A. The solid lines represent the theo-
retical prediction based on Eq. (5). (b) Dependence of the
normalized Q-factor, Q/Q0, of the plasmon polariton excita-
tion on the retardation parameter A. The curves represent the
quadratic fitting to the experimental points (solid) and theo-
retical prediction based on Eq. (6) (dashed). (c) Comparison
of the normalized plasmon half-widths ∆ωτ measured for the
samples with thicknesses of h = 0.6 mm (open circles) and
h = 0.2 mm (filled squares).
tion in Supplemental Material III [22]):
∆ω =
1
τ
× λ
λz
. (3)
The delocalization of the plasmon mode perpendicular
to the 2DES plane is determined by qz =
√
q2 − ω2/c2.
This relation is a direct consequence of the Maxwell’s
equations for the bound electromagnetic wave propagat-
ing along the 2DES, ∆ ~E = (ω2/c2) ~E. Considering the
retardation effects, the plasmon polariton dispersion can
be very simply expressed as [5]:
q2 =
ω2
c2
+
(
ω2
nse2/2m∗ε0
)2
. (4)
By combining Eq. (3) and Eq. (4), we can derive the
following expressions for the plasmon polariton frequency
and damping:
ω2 =
ω2p√
1 +A2
, ∆ω =
1
τ
1√
1 +A2
. (5)
In the limit of a not-large retardation, these equations
can be expanded in series, leading to:
Q =
ω
∆ω
= ωpτ (1 +A
2)1/4 ≈ Q0 (1 +A2/4). (6)
We denoted the non-retarded plasmon resonance Q-
factor as Q0 = ωpτ . It should be noted that Eq. (3)
is similar to suppression of the atomic spontaneous emis-
sion occurring in the resonator with a unitary Q-factor.
This effect has been originally predicted by Purcell [24].
The coincidence is not accidental, it stems from the uni-
fied nature of all electrodynamic phenomena.
Formula (5) predicts that ∆ωτ decreases with A faster
than the frequency ω/ωp. This is consistent with our ex-
perimental results in Fig. 2(a). However, although the
plasmon polariton frequency closely follows the theory
(blue line in Fig. 2(a)), the resonance narrows with the
increase of the retardation parameter significantly faster
than the theoretical prediction (red line in Fig. 2(a)). In
order to establish a direct comparison with our theory,
we plot the normalized Q-factor, Q/Q0, as a function
of the retardation parameter A (Fig. 2(b)). The solid
line in Fig. 2(b) represents a quadratic-function 1 + kA2
(k = 2.4) fitting. The experimental data closely follow
the quadratic dependence for a relatively small retarda-
tion (A < 1). This quantitatively agrees with Eq. (6),
albeit the plasmon damping is suppressed relative to the
theory (dashed line in Fig. 2(b)). One may assume that
suppression of the plasmon polariton damping is asso-
ciated with an effect of the semiconductor substrate. In
order to test this possibility, we performed measurements
(Fig. 2) on the same set of samples thinned from the orig-
inal h = 0.6 mm to h = 0.2 mm. Figure 2(c) shows a
comparison of the normalized plasmon half-widths ∆ωτ
measured for the samples with thicknesses of h = 0.6 mm
(open circles) and h = 0.2 mm (filled squares). The main
observation to note is that the substrate thickness does
not affect the plasmon polariton damping. We can spec-
ulate that a more adequate theoretical consideration for
the retardation in the studied 2DES geometry is certainly
imperative. The discovered phenomenon is significant in
terms of both physics and technology.
One of the most important predictions of the theory
is that there is a universal relationship between the nor-
malized plasmon damping ∆ωτ and retardation param-
eter A. In order to investigate this relation, we repeated
the experiment of Fig. 2 for 2DES disks fabricated from
three different wafers in terms of density ns and relax-
ation time τ . Figure 3 shows the normalized plasmon
polariton half-width ∆ωτ as a function of the retarda-
tion parameter A. The measurements were performed
4FIG. 3: Normalized resonance half-width at B = 0 T as a
function of the retardation parameter A. The empty circles
correspond to the measurements performed on a wafer with
ns = 6 × 10
11 cm−2 and 1/τ = 5.6 × 1010 s−1. The blue
squares represent the samples fabricated from different wafers
with ns = 0.8 × 10
11 cm−2 and 1/τ = 9.5 × 109 s−1. Both
dependences are identical. The inset shows microwave ab-
sorption spectra measured directly by the frequency scans at
B = 0 T for the 2DES disks with diameters of d = 4 mm and
d = 12 mm.
for two wafers with electron densities and relaxations of
ns = 6× 1011 cm−2 and 1/τ = 5.6× 1010 s−1 (empty cir-
cles), and ns = 0.8× 1011 cm−2 and 1/τ = 9.5× 109 s−1
(blue squares), respectively. The plasmon normalized
dampings for the samples fabricated from the two wafers
indeed have an idendical dependence on the parame-
ter A. The same universal dependence was also repro-
duced for the third wafer with n = 3.9× 1011 cm−2 and
1/τ = 3.4×1010 s−1 (see Supplemental Material IV [22]).
The discovered universality has a remarkably general na-
ture and is applicable to any type of 2D plasmons.
In conclusion, we have investigated resonant mi-
crowave absorption in 2DES disks with diamaters in the
range of d = 0.05 mm to 12 mm. The plasmon polari-
ton mode excited in the disks has been detected by the
optical technique. We have demonstrated an unexpected
anomalous suppression of the plasmon damping when the
retardation became important. Remarkably, the depen-
dence of the normalized resonance half-width ∆ωτ on
the retardation parameter A has a universal character
and does not depend on the 2DES parameters and semi-
conductor substrate thickness.
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I. EXPERIMENTAL SCHEME
(a) (b)
FIG. 1: (a) Sample placed inside the rectangular waveguide. (b) Sample with 12 mm 2DES disk and a slot line.
To couple electromagnetic radiation to the disks over a wide range of dimensions, two complementary experimental
schemes have been implemented. In the first waveguide scheme, the sample was placed inside the rectangular waveg-
uide with internal dimensions 15.8 mm ×7.9 mm (Fig. 1(a)). The sample consists of a single disk. Photo of Fig. 1S(a)
shows part of the waveguide with a detached cap in order to mount the sample. During the experiments the cap was
attached back. The waveguide scheme has been employed for the samples with a diameter of d ≤ 4 mm, and in the
frequency range above f > 10 GHz.
In the second scheme, a single 2DES disk has been fabricated between two metallic gates, which formed a 50 Ω
slot line. The sample has been placed on an impedance matched chip-carrier, which was in turn attached to a coaxial
cable via SMP connector (see Fig. 1S(b)). In this way, electromagnetic radiation was deliverd to the 2DES disk. This
slot line scheme was used for the samples with disk diameter d ≥ 1 mm, and in the frequency range f < 40 GHz.
II. ANALYSIS OF THE PLASMON RESONANCE LINE SHAPE
To observe plasma resonances we used optical detection technique based on high sensitivity of the 2DES luminescence
spectra to heating caused by the absorption of incident microwave radiation. This technique uses the integral of the
absolute value of the differential luminescence spectrum with and without microwave radiation as a measure of a
microwave absorption by the 2DES. To perform a theoretical analysis of the microwave absorption by 2D plasma, let
us consider the motion of a carrier with the isotropic effective mass m∗ and relaxation time τ in static magnetic field
B perpendicular to the 2DES [1]:
m∗
(
dυ
dt
+
1
τ
υ
)
= e (E + υ ×B) . (1)
For plane-polarized radiation Ex:
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FIG. 2: (a) Magnetoplasma resonances fitting based on Formula (4) for 2DES disk with the electron density ns = 6 ×
1011 cm−2 and diameter d = 0.2 mm. (b) Plasmon mode half-width versus the resonance magnetic field. The inset shows the
magnetodispersion of the plasmon polariton mode.
m∗
(
iω +
1
τ
)
υx = eEx + eυyB;
m∗
(
iω +
1
τ
)
υy = −eEx + eυxB.
(2)
Then we find for the complex conductivity:
σ = j/E = σ0
(
1 + iωτ
1 + (ω2c − ω2)τ2 + 2iωτ
)
, (3)
where σ0 = nse
2τ/m∗ is the static conductivity of the 2DES with the carrier concentration of ns, ωc = eB/m
∗ is
the cyclotron frequency. The real part of the conductivity is responsible for the microwave absorption in the 2DES.
Re σ = σ0
(
1 + (ωτ)2 + (ωcτ)
2
(1 + (ωcτ)2 − (ωτ)2)2 + 4(ωτ)2
)
(4)
Formula (4) was used to fit experimental curves of microwave absorption (red curves in Fig. 2S(a)). There is a
remarkable agreement between experiment and theory. The resonance half-width was determined by two mutually
consistent methods. The first method directly utilizes frequency scans at B = 0 T. The second method uses magnetic
field scans at a fixed microwave frequency. The polariton half-width ∆ω is then obtained from the half-width of the
polariton resonance in B sweeps multiplied by the magnetodispersion slope ∆ω = ∂ω/∂B∆B. The ∆B was obtained
using fitting of the experimental absorption curves to the theory of Eq. (4). We verified that both methods give the
same value of ∆ω for a series of disks under study. As an example, Figure 2S(b) illustrates this procedure done for
the 2DES disk of diameter d = 0.2 mm and electron density of ns = 6 × 1011 cm−2. The extrapolated half-width of
the resonance at B = 0 T is found to be ∆f = (5.7± 0.4) GHz.
To further corroborate that both methods yield the same value of ∆ω, results of these two methods are summarized
in Figure 3S for the 2DES disk of diameter d = 4 mm. Figure 3S(a) shows a direct measurement of the frequency
3FIG. 3: (a) Absorption spectrum for 2DES disk with the electron density ns = 6× 10
11 cm−2 and diameter d = 4 mm at zero
magnetic field. Red line shows a Lorentzian fitting of the plasma resonance. (b) Magnetic field dependence of the plasmon
mode half-width for the same disk calculated from the B sweeps. Red dashed line shows the value ∆f = 0.55 GHz.
scan at B = 0 T. Red curve represents the Lorentzian fitting of the plasmon resonance in the absorption spectrum
of the 2DES disk. The resonance half-width ∆f = 0.55 GHz is obtained from this fitting. Figure 3S(b) shows the
magnetic field dependence of the plasmon half-width for the same disk. The half-width has been calculated from
the B sweeps in the same way, as it was demonstrated above. As one can see, both methods give the same value of
∆f = (0.55± 0.05) GHz, within the margin of error.
III. THEORY OF PLASMON POLARITON SPECTRUM AND DAMPING
In the present Supplemental Material we develop theory of plasmon-polariton modes in the infinite two-dimensional
electron system located in the vacuum. Let the 2DES is placed in a z = 0 plane. We start with the set of Maxwell
equations for the vector and scalar potentials (A, Az) and ϕ [2]:
(
1
c2
∂2
∂t2
−∆
)

ϕ
Az
A

 =


ρ/ε0
0
µ0j

 δ(z), (5)
∇A+ ∂Az
∂z
+
1
c
∂ϕ
∂t
= 0. (6)
We seek the oscillations in the system in the form of a wave exp(iqr− iωt). We assume that the field of the wave
is localized near the z = 0 plane. Therefore, from equations (5) and (6) we obtain that the potentials A, Az and ϕ
are proportional to exp(−κ|z|) where
κ = qz =
√
q2 −
(ω
c
)2
.
Using (5), (6) and a material equation:
j = −σ
(
∇ϕ+ 1
c
∂A
∂t
)
(7)
we get the dispersion equation for a longitudinal waves (A ‖ q):
4iω =
σ
2ε0
√
q2 −
(ω
c
)2
, (8)
where σ is a frequency dependent 2D conductivity:
σ(ω) = σ0
γ
γ − iω . (9)
Here, γ = 1/τ . Let x = σ0/(2ε0c), then (8) is transformed to the form:
ω4 + 2iγω3 + (x2 − 1)γ2ω2 − x2γ2c2q2 = 0. (10)
Given ω = ω1 + iω2, where ω2 = −∆ω/2, we get the system of equations:{
ω41 − 6ω21ω22 + ω42 − 6γω21ω2 + 2γω32 + (x2 − 1)γ2(ω21 − ω22)− x2γ2c2q2 = 0,
2ω1
[
2ω21ω2 − 2ω32 + γω21 − 3γω22 + (x2 − 1)γ2ω2
]
= 0.
(11)
Physically meaningful solutions should satisfy the conditions: ω1 > 0 and ω2 < 0. In the limit of small wavelengths
q →∞, one can find a well-known 2D plasmon dispersion:
ω =
√
xγcq − iγ
2
. (12)
To obtain approximate solution for the plasmon polariton spectrum and damping in the retarded limit, we define
ω2 = −γ/2 + t, where t→ 0 at q →∞. From the second equation of the (11) we get:
ω21 = t
2 − (2x
2 + 1)γ2
4
+
x2γ3
4t
. (13)
Substituting that to the first equation of the (11) and maintaining the principal terms:
x4γ6
16t2
− x
2γ5
8t
− x2γ2c2q2 ≈ 0 ⇒ t ≈ xγ
2
4cq
− γ
3
16c2q2
. (14)
From (13) and (14):
ω1 ≈ √xγcq
(
1− xγ
4cq
)
, ω2 ≈ −γ
2
(
1− xγ
2cq
)
. (15)
Finally, we obtain for the plasmon polariton Q-factor:
Q = − ω1
2ω2
≈
√
xcq
γ
(
1 +
xγ
4cq
)
= Q0
(
1 +
A2
4
)
, (16)
where Q0 =
√
xcq/γ = ωpτ is the Q-factor of the 2D plasmon, A =
√
xγ/cq is the retardation parameter. Notably,
obtained expression for the plasmon polariton Q-factor when the influence of retardation effects is prominent is fully
equivalent to the Eq. (6) of the paper.
IV. UNIVERSAL RELATION BETWEEN DAMPING OF PLASMON POLARITON WAVES AND THE
RETARDATION PARAMETER - WAFER III
One of the most important predictions of the theory is that normalized plasmon damping ∆ωτ and retardation
parameter A have a universal relationship. In order to confirm this again, we measured the plasmon polariton
half-width ∆ωτ as a function of the retardation parameter A for the wafer III with ns = 3.9 × 1011 cm−2 and
1/τ = 3.4 × 1010 s−1 (red squares in Fig. 4S). The experiments were performed on 2DES disks with diameters
d = 0.1, 0.2, 0.6 and 1 mm. For comparison, the same plot includes ∆ωτ as a function of A measured for the wafer I
(ns = 6× 1011 cm−2, 1/τ = 5.6× 1010 s−1). When the retardation effects are negligible the resonance half-width for
the wafer with the electron density ns = 3.9× 1011 cm−2 is found to be ∆f = 5.4 GHz. As the retardation parameter
increases, the normalized half-width ∆ωτ decreases in the same way for both wafers. Therefore, we conclude that
the normalized resonance half-width dependence on retardation parameter has a universal nature independent of the
2DES parameters, as previously discussed in the paper.
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FIG. 4: Normalized plasmon damping ∆ωτ versus the retardation parameter A measured for the wafer I (blue circles) and
wafer III (red squares). The dependency has a universal nature independent of the 2DES parameters.
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